Cytosine DNA methylation is a heritable epigenetic mark present in many eukaryotic organisms. Although DNA methylation likely has a conserved role in gene silencing, the levels and patterns of DNA methylation appear to vary drastically among different organisms. Here we used shotgun genomic bisulfite sequencing (BS-Seq) to compare DNA methylation in eight diverse plant and animal genomes. We found that patterns of methylation are very similar in flowering plants with methylated cytosines detected in all sequence contexts, whereas CG methylation predominates in animals. Vertebrates have methylation throughout the genome except for CpG islands. Gene body methylation is conserved with clear preference for exons in most organisms. Furthermore, genes appear to be the major target of methylation in Ciona and honey bee. Among the eight organisms, the green alga Chlamydomonas has the most unusual pattern of methylation, having non-CG methylation enriched in exons of genes rather than in repeats and transposons. In addition, the Dnmt1 cofactor Uhrf1 has a conserved function in maintaining CG methylation in both transposons and gene bodies in the mouse, Arabidopsis, and zebrafish genomes.
Cytosine DNA methylation is a heritable epigenetic mark present in many eukaryotic organisms. Although DNA methylation likely has a conserved role in gene silencing, the levels and patterns of DNA methylation appear to vary drastically among different organisms. Here we used shotgun genomic bisulfite sequencing (BS-Seq) to compare DNA methylation in eight diverse plant and animal genomes. We found that patterns of methylation are very similar in flowering plants with methylated cytosines detected in all sequence contexts, whereas CG methylation predominates in animals.
Vertebrates have methylation throughout the genome except for CpG islands. Gene body methylation is conserved with clear preference for exons in most organisms. Furthermore, genes appear to be the major target of methylation in Ciona and honey bee. Among the eight organisms, the green alga Chlamydomonas has the most unusual pattern of methylation, having non-CG methylation enriched in exons of genes rather than in repeats and transposons. In addition, the Dnmt1 cofactor Uhrf1 has a conserved function in maintaining CG methylation in both transposons and gene bodies in the mouse, Arabidopsis, and zebrafish genomes.
BS-Seq | epigenetic profiling | DNA methylation | gene body methylation | UHRF1 C ytosine DNA methylation is an epigenetic mark important in many gene regulatory systems, including genomic imprinting, X-chromosome inactivation, silencing of transposons and other repetitive DNA sequences, as well as expression of endogenous genes. Methylation is conserved in most major eukaryotic groups, including many plants, animals, and fungi, although it has been lost from certain model organisms such as the budding yeast Saccharomyces cerevisiae and nematode worm Caenorhabditis elegans (1-3). DNA methylation can be categorized into three types according to the sequence context of the cytosines, namely CG, CHG, and CHH (H = A, C, or T). CG methylation is maintained by conserved Dnmt1 DNA methyltransferase enzymes. CHH methylation, and, to some extent CHG methylation, is generally maintained by the activity of the conserved Dnmt3 methyltransferases, whereas high levels of CHG methylation seen in the model plant Arabidopsis are maintained by the plant-specific methyltransferase CMT3 (2, 3) . Generally speaking, DNA methylation is thought to occur "globally" in vertebrates, with CG sites being heavily methylated genome-wide except for those in CpG islands, whereas invertebrates, plants, and fungi have "mosaic" methylation, characterized by interspersed methylated and unmethylated domains (4). These differences are an interesting starting point for studying divergence in methylation pathways and regulatory mechanisms; however, determining precise genomescale methylation patterns has been a challenge for complex genomes until the recent development of high-throughput sequencing technology. In this paper, we generated shotgun bisulfite sequencing data to profile DNA methylation in eight eukaryotic organisms. These organisms display wide variations in methylation levels and targets. Interestingly, methylation in genes, exons, repetitive DNA, and transposons shows distinct conservation and divergence among the tested organisms, helping to define the evolution of DNA methylation patterning and function.
Results and Discussion
To compare methylation patterns across species, we shotgun sequenced bisulfite-treated DNA from eight eukaryotic organisms, including Arabidopsis thaliana (Arabidopsis), Oryza sativa (rice), Populus trichocarpa (poplar), Chlamydomonas reinhardtii (green algae), Ciona intestinalis (sea squirt), Apis mellifera (honey bee), Danio rerio (zebrafish), and Mus musculus (mouse), using a previously described approach named BS-Seq. (5) (Fig. 1) . Because of the very large genome sizes of some of these organisms (Tables S1  and S2 ), we chose a sequencing depth that permits accurate assessment of the level of methylation of major genomic elements including genes, transposons, and repeats (Table S3 ), but not sufficient for quantification of the level of methylation of individual cytosines. We previously analyzed methylation in the Arabidopsis genome at a high sequence depth (5) , and for comparison we included here a lower coverage Arabidopsis BS-Seq dataset. We found that conclusions drawn from the low-coverage Arabidopsis BS-Seq data were similar to those of the previously published deeply sequenced Arabidopsis methylomes (5-7), validating the lower coverage approach for the analysis of major classes of genomic elements. For each organism, in addition to the nuclear chromosomes, we also report the observed overall methylation levels in the scaffolds and contigs that are yet not assembled onto nuclear chromosomes, as well as in chloroplast genomes where appropriate (Fig. 1, Figs . S1 and S2, and Table S2 ).
We found that the methylation patterns of the three flowering plants, the monocot, rice, and the dicots, Arabidopsis and poplar, were largely similar. Methylation was detected in all three cytosine contexts, with CG sites methylated at the highest level, CHG sites at a medium level, and CHH sites at the lowest level (Figs. 1-3 , Figs. S1 and S3, and Table S2 ). All three types of methylation were highly enriched in repetitive DNA and transposons ( Fig. 3 and Author contributions: S.H.S., M.E.H., C.U., K.C.S., S.P., M.P., and S.E.J. designed research; S.F., M.B., M.G.G., J.H., and J.J. performed research; S.F., S.J.C., X.Z., P.-Y.C., M.P., and S.E.J. analyzed data; and S.F., S.J.C., M.P., and S.E.J. wrote the paper.
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This article contains supporting information online at www.pnas.org/cgi/content/full/ 1002720107/DCSupplemental. Fig. S3 ). Methylation also exhibits peaks in pericentromeric heterochromatin regions except for CHH methylation in rice, which might reflect the fact that repeats are widely spread across the rice genome, in contrast to the more localized pattern of repeats close to centromeres in Arabidopsis and poplar (Fig. S1 ). These data suggest that the CMT3 pathway in Arabidopsis, as well as the RNA-directed DNA methylation pathway (RdDM) that operates through the plant Dnmt3 homolog, DRM2, is likely conserved in other flowering plants, consistent with the presence of CMT3 and DRM2 homologs in poplar and rice (8, 9) (Fig. S4) . Interestingly, CHG methylation levels in transposons and repeats were much higher in poplar than in Arabidopsis and rice ( Fig. 3 and Fig. S3 ), suggesting that the CMT3 pathway is more active in poplar. CG methylation, but not CHG or CHH methylation, in all three flowering plants exhibited a characteristic peak in the body of protein-coding genes (Fig. 2) , a phenomenon first observed genome-wide in Arabidopsis (5, 10, 11) . Although the function of this gene body methylation remains unknown, it has been proposed to suppress spurious transcription from cryptic promoters that might otherwise interfere with gene regulation (11) .
We also profiled the green alga Chlamydomonas, a unicellular organism in the plant kingdom distantly related to flowering plants such as Arabidopsis, poplar, and rice. Chlamydomonas was previously shown to exhibit heavy methylation of chloroplasts during mating, which contributes to uniparental inheritance of chloroplast DNA (12) , but methylation of the nuclear genome has not been characterized. We used vegetative cells not containing gametes in our analysis and found only low levels of methylation in the chloroplast genome (Fig. S1 and Table S2 ), similar to levels previously reported in vegetative cells (13) . We found that the Chlamydomonas nuclear genome had low levels of methylation (∼5.4% for CG methylation, and ∼2.5% each for CHG and CHH methylation; Fig. 1 and Table S2 ) with unique distribution in genes and transposons that was very different from all other organisms studied here (Figs. 2 and 3 and Figs. S1 and S3). First, although we found a slight enrichment of CG methylation in the bodies of genes in Chlamydomonas, this methylation was much lower than in flowering plants ( Fig. 2) , consistent with reduced levels of CG methylation overall. Nevertheless, we found evidence that genes (and exons in particular) are preferentially methylated, as discussed later here (Fig. 4) . Second, we found that transposon sequences were preferentially methylated (especially LINE elements with methylation levels as high as ∼30%), which was true only for CG methylation (Fig. S3 ). In contrast, CHG and CHH methylation were rather uniformly distributed along the chromosomes and showed little enrichment on either repeats or transposons ( Fig. 3 and Fig. S3 ). In Chlamydomonas, CG, CHG, and CHH methylation are possibly all mediated by Dnmt1/MET1 homolog(s), as it has been shown that CrMET1/ DMT1, one of the Chlamydomonas Dnmt1/MET1-like DNA methyltransferase enzymes, has little preference for any particular cytosine sequence context (13, 14) . Furthermore, the lack of CHG and CHH methylation targeted to transposons is consistent with the apparent absence of a Dnmt3/DRM2 homolog in Chlamydomonas (8, 9) , and that the closest CMT3 homolog is highly diverged relative to flowering plants (Fig. S4 ). Thus, although Chlamydomonas clearly methylates transposon sequences, the mechanisms involved appear to be different from those in flowering plants.
Ciona is a primitive chordate that is distantly related to vertebrates (15) , and, like vertebrates, it possesses Dnmt1 and Dnmt3 homologs (8) . Previously, via targeted DNA methylation analysis and computational methods, it was shown that Ciona proteincoding genes show high levels of methylation but that promoters, intergenic DNA, and transposons were not preferentially methylated (16, 17) . It was also shown that, like in Arabidopsis, body methylated genes tend to be those with moderate levels of gene (Tables S1 and S2 ). All tissues are wild type. Data from Arabidopsis shoots and mouse embryos are shown here; for other tissues used are described in Materials and Methods. In the case of poplar, more than one third of the genome sequence exists in scaffolds not placed on any of the main linkage groups. These scaffolds have higher methylation levels (Table S2) , as well as increased repeat density, increased sequence ambiguity, and low mapability (Fig. S2) . This is consistent with the notion that the sequences in these scaffolds are of a highly repetitive nature that prevents them from being assembled properly, and methylation is enriched in repetitive DNA. expression (16) . We found that methylation in Ciona was nearly exclusively in CG context ( Fig. 1 and Table S2 ). In addition, consistent with previous findings, CG methylation increased sharply in the body of protein-coding genes, a phenomenon reminiscent of gene body CG methylation in flowering plants, except that the methylation level difference between genic and intergenic regions in Ciona was much larger, being almost two times higher in genes (Fig. 2) . In Ciona, transposons and other repeats were also moderately methylated. We observed ∼10% higher methylation on transposons and repeats relative to immediate flanking regions; but this preference was less pronounced than for genes, supporting the idea that genes are a major target of methylation in Ciona ( Fig.  3 and Fig. S3 ). Previous studies of methylation in insects suggest that, although the model organism Drosophila melanogaster does not have a conserved methylation system, some other related insects such as honey bee have apparently functional Dnmt1 and Dnmt3 DNA methyltransferases (18) . Studies of individual honey bee genes have shown evidence of genic methylation (19) (20) (21) . We found that the honey bee genome contains very low levels of CHG or CHH methylation and only ∼1% CG methylation ( Fig. 1 and Table S2 ). Interestingly, this CG methylation was concentrated in genes, with a pattern in the body of genes that roughly resembles that of Ciona and flowering plants (Fig. 2) . In contrast, repetitive sequences were not preferentially methylated (Fig. 3 and Fig. S3 ), suggesting that genes are the main targets of DNA methylation in honey bee.
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We profiled methylation of the embryos of two vertebrate species, mouse and zebrafish, which revealed very high levels of CG methylation (∼74% and ∼80% respectively) and low levels of CHG and CHH methylation ( Fig. 1 and Table S2 ). Many previous mammalian methylation studies (using a variety of techniques, including shotgun bisulfite sequencing in human) have shown that CG methylation generally covers the entire nuclear genome, with the exception of so-called CpG rich islands near the promoters of many active genes, which tend to be unmethylated (4, 22) . Our results confirmed these earlier conclusions for mouse, and also showed that the zebrafish genome has a roughly similar pattern of global methylation. Interestingly, in both mouse and zebrafish, there was slightly higher CG methylation in the body of genes than in intergenic regions and depletion of methylation around transcriptional start sites, coinciding with CpG islands (Fig. 2 and Fig.  S5 ). These patterns bear some similarity to gene body methylation in the other organisms profiled in this study, although this conclusion is more difficult to draw given the high global level of CG methylation in the vertebrate genomes.
Together, the finding of gene body methylation in a variety of organisms in the plant and animal kingdoms suggests that this phenomenon may have an ancient origin predating the last common ancestor of plants and animals.
To examine gene body methylation further, we compared methylation levels across introns and exons (Fig. 4) . We found that methylation in Arabidopsis was higher in exons than in introns, which was also confirmed by reanalyzing a published microarraybased Arabidopsis methylome dataset (10) ( Table 1) . Rice, poplar, and Ciona also showed clear enrichment of methylation in exons, although of a smaller magnitude than Arabidopsis. Honey bee showed the largest increase of methylation in exons compared with introns. The overall low average level of methylation in the honey bee genome (Figs. 1-3, Figs . S1 and S3, and Table S2) suggests that CG methylation is located predominantly in exons, consistent with a previous report on several individual honey bee genes (20) . Strikingly, in Chlamydomonas, all three types of methylation increased 
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Methylation levels (%) CG CHG CHH in exons, in contrast to repeats and transposons that were enriched only for CG methylation (Figs. 3 and 4 and Fig. S3 ). This further suggests that, although the enrichment of methylation is not as clear as in other organisms (Fig. 2) , gene bodies do appear to be a preferential target of methylation in Chlamydomonas. Furthermore, exons are the only features we found where non-CG methylation is enriched in Chlamydomonas (Figs. 2-4 and Fig. S3 ). In the two vertebrates, zebrafish and mouse, there was only a slight increase of CG methylation in exons, consistent with the overall high genome-wide levels of CG methylation. Overall, the preference of methylation for exons in the various plant and animal species suggests that, like gene body methylation, exon methylation may be an ancestral condition. It has been recently shown that exons are enriched in nucleosome content relative to introns (23) (24) (25) , so it is tempting to speculate that nucleosomes might act to guide DNA methyltransferases resulting in higher methylation levels on exons.
A further speculative idea is that certain histone marks present on gene bodies might act to specifically target methylation to genes. In all eight of the organisms tested, an ortholog of the CG maintenance methyltransferase Dnmt1/MET1 is present, consistent with the detection of substantial levels of CG methylation in all cases (Fig. 1) (8, 9, 19, 26 ). Molecular genetic studies in mouse and Arabidopsis have shown that a PHD/SRA/RING protein called Uhrf1 (mouse) / VIM (Arabidopsis) is an important cofactor that works with Dnmt1 (mouse) or MET1 (Arabidopsis) to maintain CG DNA methylation (27) (28) (29) (30) . Uhrf1 acts in part by directly recognizing hemimethylated DNA that is produced after DNA replication, likely facilitating Dnmt1 activity at these sites (27, 28, 31) . Intriguingly, like Dnmt1/MET1, Uhrf1 homologs are found in all eight of the species in this study, but are lacking in organisms such as yeast, C. elegans, and Drosophila that lack CG methylation (Fig. S6) , suggesting a conserved role for Uhrf1 in eukaryotic methylation. To gain additional evidence for a conserved function for Uhrf1, we profiled DNA methylation in a zebrafish uhrf1 hypomorphic mutant line (32) . We observed a strong reduction of CG DNA methylation (from ∼80% to ∼40%) (Table S2) , consistent with a function of zebrafish Uhrf1 in maintaining CG DNA methylation. Moreover, we detected reactivation of a methylated and silenced transgene (33) in uhrf1 mutant zebrafish (Fig. 5) , further supporting a conserved role of Uhrf1 and Affymetrix tiling array data analyzed here are from a previous study (10) . Methylation status was determined by TileMap HMM on unique probes. A threshold of 0.5 was applied to obtain binary methylation calls per 25-mer probe, crediting the call of "methylated" or "not methylated" to all bases of the probe. Subsequently, methylation level in exons or introns (% methylated) was calculated by number of base pairs methylated / (methylated + not methylated). DNA methylation in gene silencing. We also compared methylation of mouse wild-type ES cells with an ES cell line containing a targeted disruption allele of Uhrf1 (5, 27, 34) and found that loss of Uhrf1 caused a reduction of CG methylation (from ∼80% to ∼18%) (Table S2 ). Finally, we compared wild-type Arabidopsis with a vim1 vim2 vim3 triple mutant defective in the three functional Uhrf1 homologs in Arabidopsis (29) . We found that the vim triple mutant had virtually lost CG methylation (Fig. 5 ). Together these genetic results strongly support a conserved role of Uhrf1 in the maintenance of CG DNA methylation.
To test whether Uhrf1 is differentially required for methylation of genes or repeats, we compared the methylation pattern of wildtype or mutant Arabidopsis, mouse, and zebrafish at these sites. In all cases, loss of Uhrf1 resulted in a strong loss of DNA methylation in both gene bodies and in repeats and transposons (Fig. 5 and Fig.  S7 ). The uhrf1 mutations also reduced CG methylation levels in both exons and introns (Fig. S7) . In the case of the Arabidopsis vim triple mutant, consistent with results at individual genes (29), we found that CG methylation was virtually eliminated in all parts of the genome, similar to the effects of a null met1 allele (Fig. 5) . Together, these results suggest that Uhrf1 serves a relatively global and conserved role as an essential Dnmt1 cofactor.
In summary, our survey of methylation patterning in diverse organisms reveals that, in addition to the well-known phenomenon of transposon methylation, methylation of protein-coding genes is also common among different plant and animal groups and tends to favor exons. Intriguingly, despite its wide presence, neither the biological function of gene body methylation nor the mechanisms by which genes are recognized by DNA methylation systems are understood. In flowering plants, the absence of CHG and CHH methylation in gene bodies demonstrates that genes and transposons are differentially recognized, and in Ciona and honey bee the preferential methylation on genes further supports that genes are being targeted specifically. The conserved methylated DNA binding factor Uhrf1 is also required for the maintenance of gene body methylation in plants and animals, indicating that this methylation is in part maintained by DNA replication-coupled maintenance DNA methylation. Understanding how gene body DNA methylation is initially targeted and why exons are favored over introns are key questions for future research.
Materials and Methods
The Arabidopsis vim1 vim2 vim3 triple mutant and uhrf1 mutant lines for mouse and for zebrafish have been described previously (29, 32, 34) . The tissues used for making BS-Seq libraries were shoots and flowers from Arabidopsis (strain Col-0), leaves from Japonica rice (strain Nipponbare), leaves from poplar (strain Nisqually-1), a single immature male honey bee (strain DH4), vegetative cells from Chlamydomonas (strain CC503), Ciona animals (collected from Half Moon Bay, CA), 5-day-old embryos from zebrafish, and E13.5 embryos (strain C57BL/6J) and ES cells (line E14) from mouse. For zebrafish, heterozygous uhrf1-h272 (32) adult zebrafish were incrossed to produce homozygous mutant embryos. At least 20 mutants and their phenotypically wild-type siblings were pooled on 5 days postfertilization, and genomic DNA was isolated.
BS-Seq DNA library construction and high-throughput sequencing by Illumina/Solexa Genome Analyzer were performed according to published protocols (5), except that a total number of six PCR cycles were removed from the library generation procedure. NEBNext DNA sample preparation kit (New England BioLabs) and CpGenome DNA Modification Kit (Chemicon) were used during library construction. DNA methylation error rates were estimated by the level of apparent methylation in the unmethylated Arabidopsis chloroplast genome as described previously (5) , which were between 0.28% and 0.5% as described in Table S2 .
Tandem and inverted repeats were identified de novo using the software packages Tandem Repeat Finder and Inverted Repeat Finder, respectively (10, 35, 36) . Dispersed repeats for honey bee were identified de novo using the software RECON (10, 37) . Dispersed repeats in other genomes were identified using the software RepeatMasker (RepeatMasker Open-3.0.1996-2004, http://www.repeatmasker.org) with repeat libraries from Repbase.
Gene annotations were obtained from Gramene (http://www.gramene.org/) and TAIR (http://www.arabidopsis.org/) for Arabidopsis, rice, and poplar, from Ensembl (http://www.ensembl.org/) for honey bee, Ciona, zebrafish, and mouse, and from JGI (http://www.jgi.doe.gov/) for Chlamydomonas. Transposon annotations were obtained from the same databases, except for Arabidopsis and Chlamydomonas, the transposons of which were identified using RepeatMasker with repeat library from Repbase (see above).
Computational methods employed were identical to those described previously (5) except as follows. Gaussian mixture models for basecalling were estimated by a robust FAST-MCD method (38) rather than expectation maximization. Constant tag bases at the beginning of BS-Seq reads as a result of the library preparation protocol were used to inform per-read prior forward (FW) vs. reverse (RC) strand probabilities. Basecalling and mapping parameters were adjusted to compensate for Illumina instrument/reagent kit/instrument software pipeline changes. For each lane, some genomic bases are covered by unusually many uniquely-mapped BS-Seq reads (e.g., because of the incomplete nature of reference genomes leading to some repetitive sequences being classified as unique); uniquely mapping reads contributing to coverage of the 1% most highly covered bases by such were suppressed.
The methylation level (%) for any given genomic interval refers to the ratio of the number of BS-Seq "methylated" bases aligned to any genomic cytosine (in CG/CHG/CHH context) in that interval to the number of methylated or unmethylated bases aligned to the same. For methylation plots, the x axis is divided into 3,000 bins (1,000 bins for upstream region; 1,000 bins for gene/repeat/ transposon/exon region; and 1,000 bins for downstream region). The methylation level shown for any given x axis bin is that from the genomic interval corresponding to a window centered around that bin extending ±50 or more bins. The number of bins varied to accommodate differences in genome sizes, annotation object interval lengths, and BS-Seq sequencing depth.
Note Added in Proof. Another paper by Zemach et al. (39) , which examined additional species, also supports the conservation of gene body methylation.
